Mutations in the neurofibromatosis type 1 gene predispose patients to develop benign peripheral nerve tumors (neurofibromas) containing Schwann cells (SCs). SCs from neurofibromatosis type-1 gene (Nf1) null mutant mice showed increased levels of Ras-GTP and cAMP. The proliferation and differentiation of SCs are regulated by Ras-GTP and cAMP-mediated signaling, which have been linked to expression of K ϩ channels. We investigated the differential expression of K ϩ currents in Nf1 null mutant SCs (Nf1Ϫ/Ϫ) and their wild-type (Nf1ϩ/ϩ) counterparts and determined the mechanisms underlying the differences. The current densities of the sustained component of K ϩ currents were similar in the two genotypes. However, Nf1Ϫ/Ϫ SCs showed a significant increase (ϳ1.5-fold) in a 4-aminopyridine-sensitive transient outward K ϩ current (I A ). Nonstationary fluctuation analysis revealed a significant increase in the number of functional channels in the null mutant cells. When the involvement of the Ras pathway in the modulation of the K ϩ current was examined using adenoviralmediated gene transfer of a dominant-negative H-Ras N17 or the known H-Ras inhibitor (L-739,749) , an additional increase in I A was observed. In contrast, protein kinase A (PKA) inhibitors, amide] attenuated the enhancement of the current in the Nf1Ϫ/Ϫ cells, suggesting that the increase in I A was mediated via activation of protein kinase A. The unitary conductance of the channel underlying I A was unaltered by inhibitors of PKA. Activation of I A is thus negatively regulated by Ras-GTP and positively regulated by PKA.
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Neurofibromatosis type 1 (NF1) is an inherited human autosomal disease, in which at least 95% of patients develop benign neurofibromas (Riccardi, 1991; Upadhyaya et al., 1992; Friedman and Birch, 1997; Cichowski and Jacks, 2001 ). The NF1 gene, which is mutated in NF1 disease, encodes a GTPase activating protein (GAP) for Ras proteins called neurofibromin (Wallace et al., 1990; Xu et al., 1990) . Schwann cells (SCs), which make up the majority of cells in neurofibromas, show increased levels of Ras-GTP, consistent with the loss of a negative Ras regulator (Kim et al., 1995) . In addition, anti-Ras farnesyl protein transferase inhibitor partially restores the wild-type (WT) phenotype to Nf1-deficient mouse SCs (Kohl et al., 1995; Kim et al., 1997a) . Non-Ras phenotypes of Nf1-mutant SC have also been characterized, but the molecular pathways underlying these phenotypes have not been identified (Kim et al., 1995 (Kim et al., , 1997b .
In contrast, the fruit fly (Drosophila melanogaster) dNf1 null mutants show no obvious signs of perturbed Ras-mediated signaling; rather, these flies show involvement of the cAMP-protein kinase A (PKA) pathway (Guo et al., 1996 (Guo et al., , 1997 The et al., 1997; Tong et al., 2002) . These defects result in loss of neuromuscular junction K ϩ current activation in dNf1 mutants that can be rescued by elevation of cAMP (Guo et al., 1997; Tong et al., 2002) . On the other hand, cells from NF1 patients with malignant peripheral nerve sheath tumors express enhanced K ϩ currents; treatment of normal SCs with cAMP analogs confers the current phenotypes (Fieber, 1998) . Thus, the regulation of ionic currents by the neurofibromin and/or its effectors may involve cAMP.
SCs from Nf1 null mutant mice show a threefold elevation in the levels of cAMP compared with WT SCs (Kim et al., 2001 ). Thus, we hypothesized that SCs from Nf1 null mutant mice might also have altered K ϩ currents. In support of this line of investigation, damselfish infected with a virus develop neurofibromalike tumors, with Schwann cells isolated from the tumors expressing enhanced K ϩ currents compared with normal cells (Fieber and Schmale, 1994) .
SC proliferation normally proceeds in parallel with increased expression of outward K ϩ currents (Wilson and Chiu, 1993; Fieber, 1998; Kamleiter et al., 1998) , and several SC growthpromoting factors, e.g., insulin-like growth factors, require cAMP (Stewart et al., 1991; Kim et al., 2001) . Indeed, blockade of K ϩ currents by quinine and tetraethylammonium chloride (TEA) impairs normal SC mitosis (Chiu and Wilson, 1989; Konishi, 1989a,b; Fieber, 1998; Sobko et al., 1998) . Consistent with these notions, Nf1 null mutant SCs show abnormal proliferation.
Here, we report that embryonic mouse SCs express a transient K ϩ current blocked by 4-AP (I A ). More importantly, SCs isolated from Nf1 null mutant mice showed an upregulation of this particular K ϩ current. The increase in I A was mediated via PKA by an increase in the number of functional channels. Activation of PKA pathway through K ϩ channel activation may account for some Schwann cell phenotypes in neurofibromatosis type 1.
MATERIALS AND METHODS
Mouse SC culture. WT (Nf1ϩ/ϩ) and Nf1 heterozygous mutant mice (Nf1ϩ/Ϫ) in C57BL /6 background were derived and genotyped as described previously (Brannan et al., 1994) . Because homozygous null mutant mice for Nf1 die in utero, null mutant mouse embryos were obtained from the mating of Nf1ϩ/Ϫ male and female mice. SC s were isolated from W T and Nf1 null mutant mouse dorsal root ganglia (DRG) at embryonic day 12.5 before embryo death as described previously (K im et al., 1995) . Briefly, embryonic DRG were dissociated enzymatically, and cells from single embryos were plated onto six-well culture plates. DM EM supplemented with nerve growth factor (NGF) and human placental serum (10%) was used as culture medium. Culture medium was switched at day 2 in culture to N2 medium containing NGF and gentamycin (5 g /ml). After 5-6 d in culture, SC s and neurons were separated from fibroblasts by lifting the SC neuron layers from the dish, leaving most of the fibroblasts attached to the culture dishes. Dissociated cells from the same genotype were pooled, and SC s were dissociated from the neurons using 0.01% collagenase. C ells were f urther centrif uged, resuspended in DM EM with 10% fetal bovine serum (FBS), and plated on poly-L-lysine-coated 100 mm cell culture plates at a density of ϳ1 ϫ 10 6 cells per plate. These cells were considered passage "0" (K im et al., 1997a) . Culture medium was switched the next day to SC growth media containing recombinant human glial growth factor 2 (10 ng /ml) (C ambridge Neuroscience, Norwood, M A) and 2 M forskolin and 10% FBS. After 1 week in culture, cells were trypsinized and replated (passage "1"). The same step was f urther repeated once (passage "2") or twice (passage "3"). In all experiments, cells prepared between passage 1 and 3 were used because Ͼ99.5% of cells were SC s and are S100 positive and p75NGFR positive. SC s of designated genotype were plated near the center of poly-L-lysine-coated plastic 35 mm dishes, at ϳ100 cells per dish. C ells were then incubated in serum-free N2 medium for 48 hr before electrophysiological recordings.
Recombinant adenovirus containing dominant-negative Ras construct. Mouse SC s were plated in six-well plates coated with poly-L-lysine at 0.75 ϫ 10 6 cells per well in DM EM with 0.5% FBS. After 24 hr in culture, cells were infected for 2 hr with recombinant adenovirus containing dominant-negative H-Ras N17 (DN-Ras) (gift from J. Nevins, Duke University, Durham, NC) in serum-free N2 medium (multiplicity of infection of 300). Media was changed to N2 for 48 hr after infection before electrophysiological experiments. Control cultures were infected with recombinant adenovirus expressing ␤-galactosidase at the same titers.
Electrophysiolog ical recordings. Electrophysiological recordings were made 2-4 d after plating cells. Within this period, the size of SC s remained fairly constant with a mean cell capacitance of 15.6 Ϯ 4.9 pF (n ϭ 69). SC s were identified morphologically, i.e., cells with the characteristic bipolar spindle shape with long processes. Currents were recorded at room temperature using whole-cell and cell-attached configurations of the patch-clamp techniques (Hamill et al., 1981) . For the cell-attached recordings, the tips of the pipettes were coated with Sylgard to reduce the pipette capacitance. Recordings were done using an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster C ity, CA) interfaced to a personal computer. Voltage commands were generated, and data were collected using custom-written software. During wholecell recording, the capacitance of the cell was calculated by integrating the area under an uncompensated capacitive transient elicited by a 20 mV hyperpolarizing pulse from a holding potential of Ϫ40 mV. C ell capacitance and series resistance were then compensated as much as possible, almost to the point of ringing. In general, 60 -80% of the series resis- tance was compensated. Current traces were amplified and filtered using an eight-pole Bessel filter at 2 kHz and digitized at 10 kHz. Currents were recorded using a holding potential of Ϫ80 mV and stepped to different depolarizing test pulses at frequencies between 0.2 and 0.5 Hz.
Chemicals and solutions. All chemicals were purchased from Sigma (St. L ouis, MO) unless stated otherwise. For whole-cell recordings, the external solution contained the following (in mM): 140 N-methyl-Dglucamine, 5.4 KC l, 1 MgC l 2 , 0.1 CaCl 2 , 10 H EPES, and 10 glucose, pH 7.4 with methanesulfonic acid. Niflumic acid (50 M) was added to the external solution to block C a 2ϩ -activated C l Ϫ currents. In some experiments, 4-AP and TEA were used. Pipette solution contained the following (in mM): 140 KC l, 4 Mg-ATP, 1 MgC l 2 , 5 EGTA, and 10 H EPES, adjusted to pH 7.3 with KOH. For single-channel recordings, the bath solution consisted of the following (in mM): 145 KC l, 1 MgC l 2 , 0.2 CaCl 2 , 10 EGTA, and 10 H EPES, pH 7.4 with Tris buffer. Pipette solution was the same as the external solution used for whole-cell recordings. For experiments in which farnesyl transferase inhibitor (L -739,749) was used, cells were preincubated with 10 M L -739,749 for 3-5 d in SC growth media before experiments. This dose of drug inhibits Ras processing in mouse SC s (Kohl et al., 1995; K im et al. 1997b ). The PK A inhibitors [PK I(2-22)amide] (PK I) and H89 were purchased from C albiochem (La Jolla, CA) and were used at 5 M, a concentration that effectively inhibits SC proliferation (K im et al. 1997a) .
Data anal ysis. Whole-cell K ϩ current amplitudes at varying test potentials were measured at the peak and steady-state levels using a peak and steady-state detection routine. The current was normalized by the cell capacitance (in picofarads) to obtain the current density.
The decay phases of the transient outward currents evoked during a depolarizing voltage step to 60 mV from a holding potential of Ϫ80 mV were fitted by one exponential decay using the following expressions: y(t) ϭ A 1 * exp(Ϫt/) ϩ A ss , where t is time, is the time constant of decay of the inactivating K ϩ currents, A 1 is the amplitude of the inactivating current components (I A ), and A ss is the amplitude of the steady state, non-inactivating component of the total outward K ϩ current (I SS ). Throughout this report, I peak was used to describe the total peak current, which is determined using a peak detection routine in custom-written software. For all fits, time 0 was set at the peak of the outward current. For all analyses, correlation coefficients ( R) were determined to assess the quality of fits, and R values for the fits reported here were Ն0.98.
Nonstationary fluctuation analysis was used to estimate the number ( N) of f unctional channels in the membrane. For a homogeneous population of channels gating independently, the mean macroscopic current ( I) is defined as follows:
, where i is the single-channel current amplitude, and P o represents the open probability of the channel (Ehrenstein et al., 1970; Begenisich and Stevens 1975) . The variance was calculated by subtracting pairs of sequential current records to obtain the difference current. The variance was then averaged over all of the records collected (Tsien et al., 1986) . Provided that I and 2 are determined for a range of open probabilities, I and N can be estimated by a plot of variance versus mean current fit by the following parabolic f unction: Sigworth, 1977 Sigworth, , 1980 . For single-channel records, leakage and capacitative transient currents were subtracted by fitting a smooth template to null traces. Leaksubtracted current recordings were idealized using a half-height criterion (Colquhoun and Sigworth, 1995) . Transitions between closed and open levels were determined by using a threshold detection algorithm, which required that two data points exist above the half-mean amplitude of the single-unit opening. The computer-detected openings were confirmed by visual inspection, and sweeps with excessive noise were discarded. Amplitude histograms at a given test potential were generated and then fitted to a single Gaussian distribution using a Levenberg-Marquardt algorithm to obtain the mean and SD. At least five voltage steps and their corresponding single-channel currents were used to determine the unitary conductance. Single-channel current-voltage relationships were fitted by linear least-square regression lines, and single-channel conductances were obtained from the slope of the regression lines. Idealized records were used to construct ensemble-averaged currents and open probability. Curve fits and data analysis were performed using Origin software (Microcal Software, Northampton, M A). All averaged and normalized data are presented as means Ϯ SD. The statistical significance of observed differences between groups of cells or between different parameters describing the properties of the currents were evaluated using a two-tailed Student's t test; p values are presented in the text, and statistical significance was set at p Ͻ 0.05.
RESULTS
Previous studies of WT SCs identified at least three outward K ϩ currents (Fieber and Schmale, 1994) . Fieber (1998) also showed that activation of protein kinase A enhances K ϩ currents in human SCs. Examination of the effect of cAMP on mouse SCs confirmed the previous findings (data not shown). To determine whether K ϩ currents are abnormal in Nf1 null mutant SCs, we first identified the different components of K ϩ currents in normal mouse SCs. K ϩ currents were then recorded from Nf1Ϫ/Ϫ mouse SCs. To control for the possible variation between different batches of cells, K ϩ currents were compared with WT and mutant cells obtained from embryonic littermates, at the same time point in culture.
Increased expression of a transient outward K
؉ current in SCs isolated from Nf1؊/؊ versus Nf1؉/؉ embryos Figure 1 shows examples of outward K ϩ currents recorded from Nf1ϩ/ϩ SCs ( A) compared with Nf1Ϫ/Ϫ SCs ( B). Outward K ϩ currents were elicited from a holding potential of Ϫ80 mV using step potentials from Ϫ60 to ϩ60 mV in 10 mV increments. The outward K ϩ currents were activated at step voltages positive to Ϫ50 mV. The currents were activated with a fast kinetics and inactivated rapidly to a sustained component. SCs from Nf1Ϫ/Ϫ null mutant mice show a significant upregulation of the transient outward K ϩ current compared with cells isolated from the WT littermates. Summary data of the "difference current" obtained from subtraction of the peak and sustained components are shown in Figure 1C . Currents were normalized to the cell capacitance (in picofarads), and the sustained currents were measured as the currents at the end of the step potentials. At all test voltages more positive to ϩ20 mV, the difference current (transient component) was enhanced significantly in Nf1Ϫ/Ϫ compared with Nf1ϩ/ϩ (*p Ͻ 0.05). Figure 3 . Analysis of the decay phase of the outward K ϩ currents. The decay phases of the outward currents elicited from a holding potential of Ϫ80 mV to a test potential of ϩ60 mV were fit using a single exponential function as described in Materials and Methods. The current decay (see inset) was well described by a single exponential, with decay time constants () and a steady-state current (I SS derived from A SS of the exponential fit). The derived from these fits were significantly prolonged in the WT compared with mutant littermate cells (*p Ͻ 0.05; n ϭ 11). In addition, SCs derived from the mutant cells show an increase in the transient component (I A derived from A 1 of the exponential fit) and total transient current (I peak ) compared with WT littermate cells.
To determine the identity of the outward K ϩ current, TEA and 4-AP were applied to the bath solution to test for the presence of the transient and delayed rectifier K ϩ currents (Konishi, 1989 (Konishi, , 1990 Yamoah 1997; Fisher and Bourque, 1998) . Figure 2 , A and B, illustrates families of outward K ϩ currents recorded from Nf1ϩ/ϩ and Nf1Ϫ/Ϫ SCs in the absence and presence of the K ϩ channel blockers. Based on the sensitivity toward 4-AP, at least two components of the outward K ϩ currents can be identified: transient and sustained components. Whereas 4-AP blocked the transient outward current, TEA had no effect. Current traces representing the effects of 4-AP and TEA and the corresponding difference currents are shown in C and D. The 4-AP-sensitive current is the predominant K ϩ current, and the summary data comparing the current density-voltage relationships between the WT and Nf1Ϫ/Ϫ SCs are depicted in Figure 2 E. We tentatively classified the transient outward current as I A based on its sensitivity toward 4-AP (Fieber and Schmale, 1994; Hille, 2001) . These data confirmed our initial findings of the upregulation of the transient outward current described as the difference current in Figure 1 B.
Additional analysis of the decay phases of the outward K ϩ currents revealed that the current decay is well described by a single exponential, with decay time constant () and a noninactivating (i.e., steady state) current (A SS ). The derived from these fits was prolonged in the WT compared with mutant littermates (Fig. 3) .
Mechanisms for the enhancement of I A in Nf1؊/؊ SCs
Recent studies have demonstrated that the levels of cAMP is enhanced in mammalian Nf1Ϫ/Ϫ SCs (Kim et al., 2001) , and activation of PKA has been implicated in SC proliferation (Kim et al., 1997a) . In addition, SC proliferation has been linked to the expression of K ϩ currents (Fieber, 1998) . Therefore, we examined the effects of PKA inhibitors on I A to determine whether activation of cAMP-PKA pathway may mediate the observed enhancement of the current in the null mutant cells. Two PKA inhibitors, PKI and H89, produced a substantial reduction of I A in Nf1Ϫ/Ϫ SCs (Fig. 4 B, D,G) . In contrast, PKA inhibitors produced no observable effects on I A density in the WT cells (Fig.  4 A, C,F ) . Analysis of the decay kinetics was further performed as described previously on the mutant currents elicited at 60 mV. Both PKI and H89 resulted in a significant decrease in I A in null mutant mice SCs ( p *Ͻ 0.05; n ϭ 6) ( Fig. 4 E, H ), with no significant changes in the steady-state current [I SS , p ϭ 0.15 and 0.21 (n ϭ 6) for the effects of PKI and H89, respectively]. Mutation of Nf1 causes alterations in the cAMP-PKA pathway in Schwann cells. The Ras-GAP activity of neurofibromin is also important in Nf1-deficient mouse SCs. Indeed, anti-Ras farnesyl protein transferase inhibitor reversed several phenotypes of Nf1Ϫ/Ϫ SCs (Kohl et al., 1995; Kim et al., 1997a) . To test the involvement of the Ras/GAP activity of neurofibromin in K ϩ current modulation in SCs, we preincubated SCs with 10 M L-739,749. This dose of the inhibitor was previously documented to inhibit H-Ras processing in mouse SCs (Kohl et al., 1995; Kim et al., 1997a) . Figure 5A shows an enhancement of I A density in SCs isolated from null mutant mice, after 3-5 d in culture with L-739 -749. L-739,749 blocks farnesylation of proteins in addition to H-Ras. Therefore, to provide a definitive link between Ras and modulation of I A , Nf1Ϫ/Ϫ SCs were infected with recombinant adenovirus containing DN-Ras. Recombinant adenovirus containing ␤-galactosidase was used as control. Consistent with results from L-739,749, adenoviral-mediated gene transfer of DNRas resulted in enhancement of I A density in Nf1Ϫ/Ϫ SCs (Fig.  5B) . No effects were observed in the WT littermates (data not shown; p ϭ NS). A, B, Current traces were generated from Nf1ϩ/ϩ and Nf1Ϫ/Ϫ SCs. The current traces were elicited using voltage protocols similar to the one described in Figure 2 . I-V relationships of I A from Nf1ϩ/ϩ (C, F ) and Nf1Ϫ/Ϫ (D, G) SCs recorded in the absence (E) or presence (F) of the PKA inhibitor (5 M PKI or H89) in the pipette solution. PKI and H89 did not have substantial effect on the transient outward current (I A ) in Nf1ϩ/ϩ SCs (C, F ). In contrast, in the presence of PKI or H89 in the recording pipettes, the magnitude of the transient current in Nf1Ϫ/Ϫ SCs plummeted, as shown in the I-V relationships (D, G). The current traces shown as insets represent some of the raw data, after PKI-H89 application, that were used to generate the I-V relationships. E, H, Analyses of the decay kinetics of the outward K ϩ currents, which were generated from a holding potential of Ϫ80 mV and stepped to a test potential of 60 mV from Nf1Ϫ/Ϫ confirmed a significant decrease of the I peak and I A by PKI or H89 (*p Ͻ 0.05; n ϭ 6). In contrast, the steady-state current (I SS ) was not significantly decreased in the presence of the PKA inhibitors [mean control I SS (in picoamperes/picofarads) were 15.8 Ϯ 3.5 and 22.2 Ϯ 9.5; in the presence of PKI and H89, the mean I SS were 12.0 Ϯ 4.9 and 15.1 Ϯ 9.1, respectively; in the presence of PKI, n ϭ 6, t (10) ϭ 1.57, p ϭ 0.15; in the presence of H89, n ϭ 6, t (10) ϭ 1.33, p ϭ 0.21].
Single-channel properties of K
؉ channels in Nf1؉/؉ and Nf1؊/؊ SCs The PKA-mediated enhancement of the macroscopic transient K ϩ currents could stem from an increase in the microscopic currents, the number of functional channels, and a rise in the probability of channel openings (P o ), or a combination of these properties. To discriminate among these possibilities, singlechannel currents were recorded using cell-attached patches in high K ϩ external solution to depolarize the membrane potential to 0 mV. Figure 6 A shows families of single-channel K ϩ currents recorded from cell-attached patches from SCs isolated from WT compared with the Nf1Ϫ/Ϫ SCs. The ensemble-averaged currents were obtained from 200 consecutive sweeps of idealized singlechannel records using a holding potential of Ϫ80 mV and a step potential of 50 mV, showing the transient nature of the current (Fig. 6 B) . In addition, the ensemble-averaged currents agreed well with the whole-cell data showing an increase in the inactivation kinetics in the null mutant mice compared with WT littermates. Amplitude histograms were constructed for the closed and open levels (Fig. 6C) . The data indicate that, despite an increase in the whole-cell I A density in the null mutant cells, there were no significant differences in the unitary current amplitudes obtained from the null mutant mice compared with WT littermates. Figure 6 D shows unitary current-voltage relationships of I A . There were no significant changes in the singlechannel conductances (4.7 Ϯ 1.0 vs 4.9 Ϯ 1.3 pS for WT vs null mutant SCs, respectively; n ϭ 9; p ϭ 0.67; NS).
PKA modulate I A by increasing the NP o of the channel openings
Treatment of a cell-attached patch from Nf1Ϫ/Ϫ SCs containing I A channel with H89 did not alter the unitary channel conductance but produced a profound decrease in the nP o of the channel as shown in Figure 7 . The mean conductance of the channel for control was 4.5 Ϯ 0.5 pS and, after H89 treatment, was 4.6 Ϯ 0.4 pS (n ϭ 5; p ϭ NS). In contrast, the nP o decreased by approximately threefold compared with control values.
Nonstationary fluctuation analysis
As a direct means of estimating number of functional channels, we used nonstationary fluctuation analysis of whole-cell I A using a test potential of 60 mV from a holding of Ϫ80 mV. Figure 8 shows plots of variance as a function of mean current in an SC isolated from WT (Fig. 8 A) and null mutant (Fig. 8 B) mice. The peak of the parabolic fit yields the number of functional channels, which is substantially higher in the null mutant than in the WT SCs. Recombinant adenovirus transfection of DN-Ras in SCs also enhanced the number of functional A-channels compared with ␤-galactosidase-transfected cells (Fig. 8C,D) . Putting together data obtained from direct measurement of the macroscopic and microscopic channel activities show that PKA mediates an enhancement of the magnitude of a transient K ϩ current by producing an increase in the nP o of the channel most likely as a direct result of an increase in the number of functional channels (n).
In addition to the I A described in Figure 6 , a large conductance channel, with unitary current magnitude of ϳ5 pA at a step potential of 30 mV, was recorded from both Nf1ϩ/ϩ and Nf1Ϫ/Ϫ SCs. Figure 9 illustrates families of single-channel traces recorded at different potentials. Ensemble-averaged current confirmed the sustained nature of the channel with unitary conductances of ϳ65 pS. Fig. 6 E shows the open probability (nP o ) of the channels in the presence of H89. In contrast to I A , the sustained current was insensitive to H89.
DISCUSSION
We defined the differences in K ϩ current expression that exist between Nf1ϩ/ϩ and Nf1Ϫ/Ϫ SCs from mouse dorsal root ganglia and have established the mechanisms underlying the differential expression. A transient K ϩ current (I A ) is expressed in both Nf1ϩ/ϩ and Nf1Ϫ/Ϫ SCs. However, I A in the Nf1Ϫ/Ϫ SCs was significantly upregulated compared with the WT cells. The high level of expression of I A in Nf1Ϫ/Ϫ SCs resulted from an increase in the nP o of the channel, which is derived from an increase in the number of functional channels n. Although the precise function of I A in Schwann cells is not known, its aberrant expression may have important implications for tumorigenesis in Schwann cells, because voltage-gated K ϩ channel activity in glia is clearly linked to proliferation and differentiation (Chiu and Wilson, 1989; Gallo et al., 1996; Casaccia-Bonnefil et al., 1997; Knutson et al., 1997; Sobko et al., 1998) .
Supporting a link between altered K ϩ current alterations and SC tumorigenesis, SCs with mutations in the NF2 tumor suppressor gene also have increased K ϩ currents (Kamleiter et al., 1998; Rosenbaum et al., 2000) , as do cells from malignant peripheral nerve sheath tumor cell (MPNST) lines (Fieber, 1998) . Elevated transient outwardly rectifying K ϩ currents also occur in damselfish neurofibroma SCs (Fieber and Schmale, 1994; Fieber, 1998) and NF1 mutations but also have numerous other genetic lesions that could contribute to the altered channel profile. In the mouse SC system in this report, we showed that primary SCs with Nf1 gene mutations show increased K ϩ currents. Our data suggest that Nf1 mutation is directly linked to the phenotype of K ϩ channel upregulation.
Nf1Ϫ/Ϫ SCs and activation of PKA result in an increase in the number of functional A-channels. Moreover, the data shown in the present study also suggest that the P o of the channels may be altered. Although the whole-cell I A was enhanced in the Nf1Ϫ/Ϫ SCs by ϳ1.5-fold compared with the WT cells, the functional number for channels were increased by approximately threefold, indicating that the P o of the channels may be reduced in the Nf1 mutant cells. We were unable to evaluate the exact effect of PKA activation-inhibition on the P o of single A-channels because, for ϳ300 patches that were examined, none contained a single channel (one channel); the patches contained either no channel or had multiple channels. This may indicate that the A-channels are expressed in clusters. By altering the gating kinetics of inactivation of the A-channels, activation of PKA can potentially yield our present findings and thus masking and producing the apparent modest effect of PKI on the steady-state current (Fig. 4) . Hence, detailed evaluation of the steady-state current in the presence of the I A may be dependent on the duration of the pulse protocol. Finally, it is unlikely that the Nf1Ϫ/Ϫ SCs expressed a distinct subtype of K ϩ channels because the single-channel conductances of the K ϩ channels in the Nf1Ϫ/Ϫ and the WT SCs were similar. Rather, the functional number of channels and the gating phenotype of A-channels are altered in Nf1Ϫ/Ϫ SCs.
SCs from DRG and sciatic nerves of rats, rabbits, and mice express several 4-AP-sensitive transient outward K ϩ currents (Chiu et al., 1984; Konishi, 1990; Amedee et al., 1991) . None of the previously described currents is identical to I A described here. However, the type 1 and type 2 currents defined by Pappas and Ritchie (1998) are each blocked by TEA and 4-AP, whereas the current we studied was blocked by 4-AP but was relatively insensitive to TEA. Other channel characteristics were similar to the type 1 channel in that it is a fast current activating at approximately Ϫ40 mV and showed sensitivity toward 4-AP. K ϩ ␣ subunits are transmembrane proteins that assemble as tetramers to form K ϩ selective pores (for review, see Nerbonne, 2000) . The diversity of K ϩ currents is increased by the interaction with auxiliary subunits and alternative splicing (for review, see Nerbonne, 2000) . SCs express Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv2.1, Kv3.1, and Kv3.2 ␣ subunits (Chiu et al., 1984; Pak et al., 1991; Mi et al., 1995) . ␤2 subunits are not expressed in SCs (Rasband et al., 1998) , but the status of other ␤ subunits in SCs is not yet known. Peretz et al. (1999) suggested that a major SC I A current is composed of the Kv1.4␣ subunits, as homomultimers and/or heteromultimers with Kv1.5 subunits. In heterologous systems, the heteromultimers generate a transient K ϩ current with inactivation time constants (, ϳ40 msec) similar to a current in SCs (Po et al., 1993; Peretz et al., 1999) . Whereas the inactivation time constant of the currents we observed differs slightly, inactivation of I A current could be altered by developmental stage, species, and/or by the presence of specific ␤ subunits or other auxiliary proteins in the channel complex.
In contrast to the differential expression of I A , wild-type and Nf1Ϫ/Ϫ SCs expressed a sustained K ϩ current at similar current [␤-galactosidase (beta-gal ) ], the number of channels was estimated to be 3.7 and 1.8 channels per square micrometer for the DN-Ras and ␤-galactosidase control SCs, respectively. Figure 9 . Single-channel recordings of sustained outward K ϩ current. A, Families of singlechannel current traces recorded from Nf1Ϫ/Ϫ using a holding potential of Ϫ80 mV. The test potential used are indicated to the left of the traces. B, Families of single-channel current traces recorded from Nf1Ϫ/Ϫ using a holding potential of Ϫ80 mV and the step potentials indicated; the pipette contained H89. C, Singlechannel I-V relationships from the two different patches with or without H89. Similar unitary conductances were obtained. There was no significant difference between the conductance of the channel after H89 treatment (in pS: control mean of 65.1 Ϯ 4.6, n ϭ 7; H89, mean of 66.4 Ϯ 8.6, n ϭ 7; t (12) ϭ 0.08; p ϭ 0.94). D, Ensembleaveraged current confirmed the sustained nature of the channel. E, The sustained current was insensitive to H89. densities. The sustained K ϩ current may be attributed to Kv1.5 or Kv1.1, which have been identified in SCs (Mi et al., 1995) . This current is likely to correspond to the type 3 calcium-activated K ϩ high conductance current identified by Howe and Ritchie (1988) . Our data showed a slight decrease in the sustained component in the null mutant cells; however, the differences are not statistically significant. Alternatively, the apparent effect of PKA inhibitors on the sustained current may stem from the relatively short duration stimulus protocol (500 msec) used in the present study such that the I SS measured was invariably masked by a residual I A .
In Nf1Ϫ/Ϫ Schwann cells, elevated Ras-GTP, cAMP, or both might have caused altered channel properties. The Nf1 gene product neurofibromin is a Ras/GAP (Xu et al., 1990) , so that loss-of-function in Nf1 equates to gain-of-function of Ras. In our experiments, inhibition of Ras-GTP with a dominant-negative Ras protein or a drug that blocks Ras activation by interfering with Ras translocation to the plasma membrane failed to block I A . This strongly suggests that elevated Ras-GTP does not confer the mutant phenotype. Indeed, a small but significant potentiation of the I A was observed with the Ras inhibitors.
In Drosophila, Nf1 null mutations lead to downregulation of adenylate cyclase activity. Moreover, the Nf1 null phenotype can be rescued by forskolin, an activator of adenylyl cyclase (Guo et al., 1996; The et al., 1997) . In contrast, in mammalian SCs, loss-of-function of Nf1 promotes, rather than inhibits, the formation of cAMP (Kim et al., 2001) . How the loss of Nf1 acts within Schwann cells to increase cAMP remains to be determined, but recent evidence suggests that neurofibromin regulates adenylyl cyclase(s) upstream of PKA (Tong et al., 2002) . Strikingly, in our experiments, the inhibition of PKA by H89 or a PKA inhibitory peptide rapidly blocked the K ϩ current. The use of PKI in the patch pipette allowed us to exclude the possibility that long-term changes driven by elevated cAMP affected channel density or function. In Drosophila, the K ϩ channel altered in dNf1 loss-offunction mutants requires both Ras-GTP and cAMP signaling to open in response to a neuropeptide (Zhong, 1995; Guo et al., 1997) . In SCs, Ras-GTP and cAMP appear to antagonize channel opening. K ϩ channel opening can be either increased or decreased by protein kinases, phosphatases, and cAMP (Ruby, 1988; Hoffman and Johnston, 1998) . It is plausible that Ras-GTP, via downstream kinases or phosphatases, and PKA, directly or via cAMP, modulate phosphorylation of channel subunits and drive altered channel properties. Genistein, a broad-spectrum tyrosine kinase inhibitor, reduced the amplitude of a transient K ϩ current (I A ) in mouse Schwann cell and affected its gating properties (Peretz et al., 1999) . The Fyn tyrosine kinase increases delayed-rectifier K ϩ channel activity in mouse Schwann cells, and exposure to tyrosine kinase inhibitors markedly downregulates voltage-gated K ϩ (K V ) current amplitude and inhibits cell proliferation (Sobko et al., 1998a,b) .
Schwann cells from Nf1 knock-out mice have constantly high Ras-GTP and cAMP, but only cAMP drives channel activation. In wild-type cells, environmental factors, such as platelet-derived growth factor, basic fibroblast growth factor, insulin-like growth factor, and Reg-1, all transiently activate Ras-GTP and promote Schwann cell growth, but only when cAMP is high (Davis and Stroobant, 1990; Eccleston et al., 1990; Stewart et al., 1991; Jessen and Mirsky, 1992; Kim et al., 1997a Kim et al., ,b, 2001 Livesey et al., 1997; Howe and McCarthy, 2000) . Thus, the combination of tyrosine kinase signals and cAMP precisely regulate Schwann cell response to growth factors. The disrupted balance between Ras-GTP and cAMP in Nf1 mutant Schwann cells may, at least in part via K ϩ current modulation, contribute to the hyperplastic growth exhibited by Nf1 null SCs or their precursors in serum-free medium (Kim et al., 1997a,b) and to the development of Schwann cell tumors in patients with type 1 neurofibromatosis.
